S trong evidence suggests that in classic trigeminal neuralgia (TN) caused by neurovascular compression (NVC), the neuralgia is related to morphological and structural changes in the trigeminal nerve (TGN) that are probably the result of chronic vascular compression. Morphological changes in the nerve include nerve deviation, distortion, groove formation, and atrophy. 5 Atrophy of the nerve is seen in most cases of TN 20 and is probably attributable to structural abnormalities such as axonal loss and demyelination, 4, 10, 12, 18 but these morphological changes are difficult to describe objectively. Object. The aim of this study was to prospectively evaluate atrophic changes in trigeminal nerves (TGNs) using measurements of volume (V) and cross-sectional area (CSA) from high-resolution 3-T MR images obtained in patients with unilateral trigeminal neuralgia (TN), and to correlate these data with patient and neurovascular compression (NVC) characteristics and with clinical outcomes.
Recently, some authors 5, 11, 13 showed that in patients with TN, the affected TGN has a smaller volume (V) and cross-sectional area (CSA) than the unaffected nerve. Some works have established the notion that the outcome of microvascular decompression (MVD) depends on the severity of the NVC. 1, 2, 21 According to our data, when clear-cut and marked vascular compression was present at surgery, the long-term cure rate was 90% after a 15-year followup. Conversely, when the vessel was merely in contact with the root-that is, without any visible root displacement or indentation-the long-term success rate was only 60%, 21 suggesting that in cases with low-grade compression other factors could play a role in the genesis of neuralgia.
As we found that the severity of NVC affected the prediction of MVD outcome, we decided to conduct a study correlating severity of NVC with the morphological markers of damage to the nerve, that is, V and CSA. In this prospective controlled study, the V and CSA of the TGN were measured in 50 patients with classic TN who underwent MVD and were compared with a group of 20 normal control subjects. Measurements were performed using high-resolution 3-T MRI. The anatomical TGN parameters were correlated with patient and NVC characteristics and with clinical outcomes at the 2-year follow-up after surgery. Particular emphasis was placed on the severity of compression, considered an important prognostic factor of long-term cure after MVD, which was determined based on observations made during surgery.
Methods

Inclusion Criteria
Consecutive patients were enrolled in the study from November 2008 to January 2010. In each patient, classic primary TN refractory to medical treatment had been diagnosed according to the International Classification of Headache Disorders criteria (2nd edition). 9 Key study inclusion criteria were classic primary TN and high-resolution imaging to exclude secondary causes of TN. Key exclusion criteria were a precarious general health status, a percutaneous lesioning procedure or other surgical treatments received prior to the MVD surgery, or metal implants. All patients underwent follow-up in our department for 2 years after surgery to evaluate the effectiveness of pure MVD. Normal subjects, that is, persons who had no history of headaches or facial pain, were selected for inclusion in the control group.
The study was conducted in accordance with International Conference on Harmonisation guidelines, French Code of Federal Regulations requirements related to the protection of human subjects, and investigational device exemptions. All participants provided written informed consent.
Demographic Data
Fifty patients undergoing MVD for classic primary TN were included in the study. Patient characteristics are shown in Table 1 . There were 30 females and 20 males, ranging in age from 22 to 79 years (mean 56.42 years). Twenty-nine patients had pain on the right side and 21 on the left. The V1 division was affected in 30% of the patients, V2 in 72%, and V3 in 60%, with the majority of patients having more than one division involved. The average duration of pain before surgery was 54.02 months (range 6-168 months). To ensure the validity of the study, 20 normal control subjects (11 females and 9 males), with ages ranging from 20 to 69 years, were also included in the study. There was no statistically significant difference in age between patients and normal controls (p > 0.05).
Imaging Examinations
Patients and normal subjects underwent MRI examination using a 3-T MR scanner (Philips Achieva). Images were obtained using an 8-channel head coil with sensitivity encoding and parallel processing capabilities. In all patients, the 3 following high-resolution sequences were performed in combination: 3D driven equilibrium (DRIVE) MRI, 3D time-of-flight magnetic resonance angiography (TOF-MRA), and 3D T1-weighted Gd-enhanced (T1-Gd). In previously published works, this combination allowed for the identification and characterization of NVC with optimal sensitivity and specificity.
14-16
Three-dimensional T2-weighted MRI allows fine anatomical analysis of the pontocerebellar cistern structures with good contrast between CSF and vasculonervous structures. In the present study, 3D T2-weighted MRI was performed using a 3D DRIVE sequence with the following parameters: TR 11.28 msec, TE 5.64 msec, flip angle 50°, matrix 512 × 512, FOV 153 × 170 mm, slab thickness 24 mm, and bandwidth 130 Hz per pixel, which gave a section thickness of 0.5 mm and a voxel size of 0.125 mm 3 (0.5 × 0.5 × 0.5 mm 3 ) and an acquisition time of 4 minutes, 57 seconds. After data acquisition was completed on each of the 60 sections, coronal and sagittal reformatted images were obtained using a multiplanar reformation (MPR) algorithm. For the interpretation of MRI, all images angled parallel and perpendicular to the TGN were reviewed.
The 3D TOF-MRA sequence, which is the best sequence for depicting arteries, was performed with the following parameters: TR 33 msec, TE 2.4 msec, flip angle 25°, matrix 512 × 512, FOV 250 × 250 mm, and slice thickness 1 mm, producing 120 sections and a voxel size of 0.125 mm 3 (0.5 × 0.5 × 0.5 mm ). An acquisition time of 7 minutes 31 seconds was required. A presaturation pulse was added to the cranial side parallel to the slab, but a magnetization transfer pulse was not used. The acquisition slab was oriented transversely to cover the posterior fossa. Coronal and sagittal reformatted images and two other reformatted images parallel and perpendicular to the TGN were obtained using an MPR algorithm. For the interpretation of MR images, both the original transverse and the 4 reformatted images were reviewed.
Finally, 3D T1-Gd, which shows both arteries and veins in hypersignal, was obtained with 2 acquired signals. The T1-weighted MR images were acquired with the following parameters: TR 33 msec, TE 2.4 msec, FOV 230 × 230 mm, matrix 512 × 512 mm, a section thickness of 0.5 mm, and a voxel size of 0.125 mm 3 (0.5 × 0.5 × 0.5 mm 3 ). The acquisition slab was oriented transversely to cover the posterior fossa. The acquisition time of 4 minutes 18 seconds was required. After data acquisition was 1  61, F  lt  V2  54  TPV, GII, TREZ, SL  cured  2  64, F  rt  V3  60  AICA, GI, MC, INF  cured  3  68, M  lt  V1V2  48  SCA, GII, TREZ, SM  cured  4  65, F  rt  V2  34  SCA, GIII, TREZ, SM  cured  5  53, M  rt  V2V3  80  TPV, GIII, TREZ, INF  cured  6  52, F  rt  V1  76  SCA, GIII, TREZ, SM  cured  7  22, F  rt  V1V2  45  SCA, GI, JP, SL  cured  8  60, M  lt  V1V2  30  SCA, GII, TREZ, completed on each of the 60 sections, coronal and sagittal reformatted images were obtained and reviewed.
Volume and CSA Measurements
Three-dimensional DRIVE images were transferred to a workstation for postprocessing and analysis. Measurements of V and CSA for each TGN were performed preoperatively using the imaging software MIPAV, a free download available on the website http://mipav.cit.nih.gov/.
For the measurement of V, segmentation of the TGN started at the point where the nerve emerges from the pons, and another arbitrary cut was made at the entrance of the nerve into Meckel's cave. The TGN was manually delineated using a mouse-driven cursor in each section thickness of 0.5 mm passing through the nerve. The V was automatically calculated with 3D reconstruction software (Fig. 1) .
Next, the reformatted images were magnified to facilitate measurements of the CSA of each TGN using a mouse-driven cursor. No adjustments for magnification were required because the measurement program of the workstation automatically corrects for magnification. The CSA was calculated at 5 mm from the entry of the TGN into the pons in an image plane perfectly perpendicular to the course of each nerve. Observers followed the TGN to its entry into the pons to distinguish nerve from vessels in the region. If the nerve was not clearly shown as separate from the adjacent vasculature at 5 mm from its entry into the pons, the image immediately adjacent was used (Fig. 2) .
It took approximately 7 minutes per patient to perform this process. Two observers (P.R.L.L. and C.B.), who were blinded to which side of the face was symptomatic and to the surgical findings, independently calculated these morphometric parameters. For statistical analysis, we considered the mean between the observers.
Surgical Treatment
Microvascular decompression was performed via retromastoid craniotomy using the same microsurgical techniques in all patients. [20] [21] [22] The senior neurosurgeon (M.S.), who was responsible for operative notes and was blinded to the V and CSA measurement results, performed the surgeries in all patients. compression was graded as follows: Grade I, the vessel was simply in contact with the nerve but without any visible deformity of the root; Grade II, there was displacement or distortion of the root; Grade III, a clear-cut and marked indentation on the root was present.
Assessment of the Effect of MVD on Pain
The senior surgeon (M.S.) assessed all 50 patients in person at discharge (generally postoperative Day 10), at the first outpatient visit (usually around postoperative Day 70), and at 1 and 2 years after surgery. For this study (completed in 2012), no patient was lost to follow-up at 2 years after surgery.
Neuralgia was considered cured-and thus the MVD a success-when relief was complete and all medication could be withdrawn. Neuralgia was considered partially relieved when some pain remained but was well controlled by complementary medical therapy. The treatment was considered a failure when pain persisted in any form, either spasmodic or constant aching pain, despite medical therapy.
Statistical Analysis
Anatomical parameters (V and CSA) of the TGN in the patients' affected side (ipsilateralTN), in the patients' unaffected side (contralateralTN), and in both sides in the normal control subjects (controls) were compared with 1-way ANOVA followed by Bonferroni's multiple comparison test using GraphPad Prism statistical analysis software. Results were expressed as the means ± standard deviation and were shown in a box and whiskers plot. Interobserver variability was assessed using the Pearson correlation coefficient.
The nonparametric Spearman correlation coefficient was calculated for comparisons between patient characteristics (age and duration of symptoms before MVD) and variations in V (DV) or CSA (DCSA) between the ipsilateralTN and contralateralTN, expressed as a percentage. Correlations between other patient characteristics (side of pain and patient sex) and the DV or DCSA, expressed as a percentage, were analyzed using a nonparametric t-test (Mann-Whitney).
Correlations among other patient characteristics (area of distribution of pain), NVC characteristics (type of vessel involved in NVC, location of compression along the nerve, site of compression around the circumference of the root, and degree of compression), and the DV or DCSA, expressed as a percentage, were evaluated with ANOVA followed by Bonferroni's multiple comparison test using GraphPad Prism statistical analysis software. Results were expressed as the means ± standard deviation and shown in a box and whiskers plot.
Finally, correlations between clinical outcomes at the 2-year follow-up after surgery (complete cure, partial relief, or treatment failure) and DV or DCSA, expressed as a percentage, were analyzed using a nonparametric t-test (Mann-Whitney).
A p value < 0.05 was considered statistically significant.
Results
Surgical Findings
In 2 (4%) of the 50 patients, no NVC was found despite a complete and careful exploration of the trigeminal root from the opening of Meckel's cave to the TREZ at the pons. The SCA was responsible for compression in 28 cases, the AICA in 5 cases, and the BA in 2 cases. A vein was compressing the nerve in 13 cases: the SPV in 5 cases and the TPV in 8.
Neurovascular compression was located in the TREZ in 34 cases, at the MC segment in 7 cases, and at the JP segment in 7 cases. The site of compression was SM to the root in 24 cases, INF to the root in 14, and SL to the root in 10.
The severity of NVC was Grade I in 9 cases, Grade II in 18 cases, and Grade III in 21 cases.
Volume and CSA Measurements
The mean V of the TGN on the ipsilateralTN (60. Fig. 3 lower) . However, there were no statistically significant differences in the mean CSA between the contralateralTN and controls, nor between the right (5.55 ± 1.09 mm 2 , 95% CI 2.89-7.2) and left sides (5.66 ± 0.42 mm 2 , 95% CI 4.9-6.45) of the TGN in controls. The loss of CSA for the ipsilateralTN compared with that for the contralateralTN (22.9%) was greater than the difference between the two sides in the control group (1.95%). In only 4 (Cases 22, 27, 31, and 36) of 50 patients, the CSA for the ipsilateralTN was greater than that for the contralateralTN.
The Pearson correlation coefficients for measurements made by both observers were 0.7559 (p < 0.01) for estimated V measurements and 0.9024 (p < 0.01) for estimated CSA measurements.
Correlations Between Anatomical TGN Parameters and Patient Characteristics
The Spearman correlation coefficient showed a weak correlation (r = 0.1850, p = 0.1984) between patient age and the corresponding DV. Similarly, the Spearman correlation coefficient showed a weak correlation (r = 0.2060, p = 0.1511) between age and the corresponding DCSA on the ipsilateralTN compared with that on the contralateralTN.
The Spearman correlation coefficient showed a weak correlation (r = 0.1751, p = 0.2238) between the duration of symptoms before MVD and the corresponding DV in the TGN on the ipsilateralTN compared with that on the contralateralTN. Similarly, the Spearman correlation coefficient showed a weak correlation (r = 0.1128, p = 0.4353) between the duration of symptoms before MVD and the corresponding DCSA in the TGN on the ipsilateralTN compared with that on the contralateralTN.
A comparison of sides affected by pain revealed no statistical difference in the DV between patients with pain on the right side (24.7% ± 14.38%, 29 patients) and those with left-sided pain (21.17% ± 13.55%, 21 patients; Table  2 ). Similarly, there was no statistical difference in the DCSA in patients with pain on their right side (23.97% ± 17.43%) versus the left (20.9% ± 19.83%).
Regarding patient sex, there was no statistical difference in the DV in males (23.34% ± 13.67%, 20 patients) versus females (22.23% ± 14.58%, 30 patients; Table 2 ). Similarly, there was no statistical difference in the DCSA in males (18.82% ± 23.13%) versus females (25.26% ± 13.68%).
Finally, as regards the area of pain distribution, there was no statistical difference in the DV among patients with pain situated in V1 (39.45% ± 0.35%, 2 patients), V1V2 (18.69% ± 10.67%, 8 patients), V1V2V3 (23.03% ± 22.69%, 5 patients), V2 (19.62% ± 8.59%, 10 patients), V2V3 (21.38% ± 11.54%, 13 patients), and V3 (24.19% ± 17.28%, 12 patients; Table 2 ). Similarly, there was no statistical difference in the DCSA among patients with pain located in V1 (25.45% ± 19.85%), V1V2 (30.14% ± 11.81%), V1V2V3 (22.12% ± 11.99%), V2 (24.25% ± 12.87%), V2V3 (18.61% ± 22.12%), and V3 (20.58% ± 22.63%).
Correlations Between Anatomical TGN Parameters and NVC Characteristics
Comparisons of the type of vessel involved in NVC revealed no statistical difference in the DV among patients with NVC caused by the SCA (22.34% ± 13.27%, 28 patients), AICA (32.4% ± 14.59%, 5 patients), BA (31.15% ± 24.96%, 2 patients), SPV (31.75% ± 10.3%, 5 patients), and TPV (22.64% ± 16.21%, 8 patients; Table 2 ). Similarly, there was no statistical difference in the DCSA among patients with NVC caused by the SCA (25.95% ± 13.14%), AICA (29.68% ± 16.09%), BA (22.65% ± 21.43%), SPV (11.44% ± 13.96%), and TPV (28.06% ± 13.65%).
Comparisons of the location of compression along the nerve revealed no statistical difference in the DV among patients with NVC located in the TREZ (25.49% ± 12.04%, 34 patients), MC segment (15.93% ± 5.8%, 7 patients), and JP segment (15.11% ± 15.52%, 7 patients; Table 2 ). The DV in patients with NVC in the TREZ was significantly greater (p = 0.032, Mann-Whitney test) than that in a separate group of patients with NVC in the MC and JP segments (15.52% ± 15.21%, 14 patients; Fig. 4) . Similarly, there was no statistical difference in the DCSA among patients with NVC located in the TREZ (26.11% ± 14.24%, 34 patients), MC segment (24.93% ± 18.96%, 7 patients), and JP segment (19.97% ± 7.19%, 7 patients). The DCSA in patients with NVC in the TREZ did not differ (p = 0.5328, Mann-Whitney test) from that in a group of patients with NVC located in the MC and JP segments (22.45% ± 14.02%, 14 patients).
Comparisons of the site of compression around the circumference of the root showed no statistical difference in the DV among patients with NVC situated SM to the root (22.23% ± 14.16%, 24 patients), SL to the root (21.53% ± 7.86%, 10 patients), and INF to the root (27.69% ± 14.16%, 14 patients; Table 2 ). Similarly, there was no statistical difference in the DCSA among patients with NVC situated SM (25.53% ± 12.76%), SL (20.66% ± 14.71%), and INF to the root (27.32% ± 16.21%). Finally, concerning the degree of compression, statistically significant differences in the DV were found between patients with NVC Grade I (16.38% ± 16.4%, 9 patients) and those with NVC Grade III (28.97% ± 13.68%, 21 patients; Fig. 5A ). However, there was no statistical difference in the DV between patients with NVC Grade I and those with NVC Grade II (21.16% ± 8.88%, 18 patients), nor between NVC Grade II and Grade III. The DV in patients with NVC Grades I and II (19.57% ± 11.82%, 27 patients) was significantly smaller (p = 0.0168, Mann-Whitney test) than in patients with NVC Grade III. The DV in a group with NVC Grades II and III (25.27% ± 12.22%, 39 patients) did not significantly differ (p = 0.1779, Mann-Whitney test) from the DV in a group with NVC Grade I (Fig. 5C) . The DCSA in patients with NVC Grade III (34.48% ± 11.57%, 21 patients) was significantly greater than in patients with NVC Grade I (15.58% ± 10.93%, 9 patients) and Grade II (18.76% ± 11.78%, 18 patients; Fig. 6A ). There was no statistically significant difference in the DCSA between patients with NVC Grade I and those with NVC Grade II. The DCSA in a group with NVC Grades I and II (17.77% ± 11.28%, 27 patients) was significantly lower (p < 0.001, Mann-Whitney test) than in the group with NVC Grade III (Fig. 6B) . The DCSA in a group with NVC Grades II and III (27.22% ± 13.98%, 39 patients) was significantly greater (p = 0.042, Mann-Whitney test) than in the group with NVC Grade I (Fig. 6C) . Figure 7 illustrates the correlation between the degree and location of the NVC. Neurovascular compression Grades II and III occurred in a higher proportion at the TREZ than did NVC Grade I (OR 16.00, 95% CI 2.72-94.12). Among the 18 patients with NVC Grade II and the 21 patients with NVC Grade III, compression was situated close to the brainstem in 15 and 17 patients, respectively (p = 0.0012, Fisher's exact test). Of the 9 patients with NVC Grade I, 2 had compression at the TREZ and 7 at the MC or JP segments.
Pain Relief Over Time and Correlations Between Anatomical TGN Parameters and Clinical Outcomes
At discharge, on the 10th postoperative day, 49 patients (98%) were cured. In 1 patient (2%) the procedure was considered a failure because of persistent residual pain. At the outpatient visit on postoperative Day 70, 44 patients (88%) were cured, 3 (6%) still had some background pain well controlled with medical treatment (partial relief), and 3 (6%) presented with paroxysmal pain (treatment failure). At the 1-year postoperative visit, the success rate was 84%, corresponding to 42 patients who were totally pain free (complete cure), 5 (10%) partially relieved of pain, and 3 (6%) with persistent pain (treatment failure). At the 2-year postoperative visit, neuralgia was completely relieved in 41 Fig. 4 . Correlation between the DV of the TGNs in the affected and unaffected sides of patients, expressed as a percentage, and the location of compression along the nerve. The DV in patients with NVC in the TREZ (25.49% ± 12.04%, 34 patients) was significantly greater (p = 0.032, Mann-Whitney test) than that in patients with NVC in the MC and JP segments (15.52% ± 15.21%, 14 patients).
Fig. 5.
Correlation between the DV of the TGNs in the affected and unaffected sides of patients, expressed as a percentage, and the severity of compression. A: Graph showing that the DV in patients with NVC Grade III (28.97% ± 13.68%, 21 patients) was significantly greater (p < 0.05) than that in patients with NVC Grade I (16.38% ± 16.4%, 9 patients). There was no statistical difference in the DV in patients with NVC Grade III compared with that in patients with NVC Grade II (21.16% ± 8.88%, 18 patients). B: Graph showing that the DV in patients with NVC Grades I and II (19.57% ± 11.82%, 27 patients) was significantly smaller (p = 0.0168, Mann-Whitney test) than that in patients with NVC Grade III. C: Graph showing that the DV in patients with NVC Grades II and III (25.27% ± 12.22%, 39 patients) did not significantly differ (p = 0.1779, Mann-Whitney test) from that in a group with NVC Grade I. ns = not significant. patients (82%) and improved in 6 (12%). Surgery was considered a failure in 3 patients (6%; Table 1 ).
Concerning the clinical outcomes at the 2-year follow-up, the DCSA was statistically significantly different (p = 0.02, Mann-Whitney test) between pain-free patients (25.75% ± 15.6%, 41 patients) and those with partial pain relief or treatment failure (8.68% ± 22.94%, 9 patients; Fig. 8 upper) . Moreover, the DV did not differ (p = 0.09, Mann-Whitney test) between patients with partial relief or treatment failure (14.57% ± 14.37%, 9 patients) and the cured patients (23.86% ± 13.55%, 41 patients; Fig. 8  lower) . Although not statistically significant, these values indicated a trend.
Discussion
In this study we prospectively evaluated atrophic changes in the TGNs of patients with classic TN caused by NVC. The V and CSA of the TGNs were measured on high-resolution 3-T MRI in 50 patients who underwent Fig. 6 . Correlation between the DCSA of the TGNs in the affected and unaffected sides of patients, expressed as a percentage, and the severity of compression. A: Graph showing that the DCSA of the TGN in patients with NVC Grade III (34.48% ± 11.57%, 21 patients) was significantly greater (p < 0.05) than in patients with NVC Grade I (15.58% ± 10.93%, 9 patients) and Grade II (18.76% ± 11.78%, 18 patients). B: Graph showing that the DCSA in a group with NVC Grades I and II (17.77% ± 11.28%, 27 patients) was significantly lower (p < 0.001, Mann-Whitney test) than in the group with NVC Grade III. C: Graph showing that the DCSA in the group with NVC Grades II and III (27.22% ± 13.98%, 39 patients) was significantly greater (p = 0.042, Mann-Whitney test) than in a group with NVC Grade I. The DCSA in patients with partial pain relief or treatment failure at the 2-year follow-up (8.68% ± 22.94%, 9 patients) was inferior (p = 0.02) to that in the cured patients (25.75% ± 15.6%, 41 patients). Lower: At the 2-year follow-up, the DV in patients with partial relief or treatment failure (14.57% ± 14.37%, 9 patients) did not significantly differ (p = 0.09, Mann-Whitney test) from that in the cured patients (23.86% ± 13.55%, 41 patients). Although not statistically significant, these values indicate a trend.
MVD and in 20 normal control subjects. Our work is the first to show that anatomical TGN parameters correlate with patient and NVC characteristics, with particular emphasis placed on the degree of compression observed during the surgical procedure. In addition, our data showed that TGN atrophy correlates with clinical outcomes at the 2-year follow-up after MVD.
Diagnostic Value of Anatomical TGN Parameters
The V and CSA measurements obtained from the ipsilateralTNs were significantly smaller than those from the contralateralTNs. These results, obtained via an imaging protocol and confirmed by two blinded observers, agreed with observations made during surgery, 8, 20 pathological examination of specimens collected during surgery and showing axonal loss and extensive demyelination, 4, 10, 12, 18 and studies whose authors measured V and CSA using various noninvasive imaging methods. 5, 11, 13 Interobserver agreement was 0.7559 for measurements of V and 0.9024 for measurement of CSA (p < 0.01).
In 7 of 50 patients, the mean V and/or CSA of the TGN on the ipsilateralTN was greater than those on the contralateralTN. Two of these 7 patients had no NVC during the surgery, 3 had NVC caused by veins, and 2 had NVC caused by arteries.
These results do not differ from those in other published case studies on the value of anatomical TGN parameters in patients with TN. 5, 6, 11, 13, 17 In 2005, Kress et al. 13 measured V in 62 patients (41 with TN, including 6 patients with multiple sclerosis) with one investigator using 1.5-T MRI in 50 normal subjects. In that study, the mean V on the ipsilateralTN was 69.6 mm 3 (95% CI 37.2-110.6) and that on the contralateralTN was 84.5 mm 3 (95% CI 50.3-141.1). The difference in V was statistically significant (28.9%, p < 0.01). In only 4 of the 41 patients with TN, the affected nerves had greater Vs than the unaffected nerves.
In 2006, Erbay et al. 5 conducted a noncontrolled study in which the mean diameter and mean CSA in 31 patients with TN were measured by two neuroradiologists using 1.5-T MRI who were blinded to which side of the face had symptoms. In that study, the mean diameter for the ipsilateralTN was 2.11 mm (95% CI 1.96-2.25) and for the contralateralTN was 2.62 mm (95% CI 2.41-2.82; p < 0.001). The mean CSA on the ipsilateralTN was significantly smaller than that on the contralateralTN (4.50 ± 1.75 mm 2 vs 6.28 ± 2.19 mm 2 , p < 0.001). These authors also observed that in 4 of the 31 patients, the CSA was greater in the affected nerves than in the unaffected nerves. 5 In 2009, Hořínek et al.
11 measured the V of the TGN in 18 patients with TN and in 15 normal subjects by using 1.5-T MRI with two observers. The mean V on the ipsilateralTN was significantly reduced in comparison with that on the contralateralTN (0.059 ± 0.026 cm 3 vs 0.068 ± 0.018 cm 3 , p < 0.05; a difference of 27%). More recently, two teams used 3-T MRI to measure V and/or CSA. 6, 17 According to Fujiwara et al., 6 the mean CSA on the ipsilateralTN in 13 patients (3.9 ± 0.8 mm 2 ) was significantly smaller than that on the contralateralTN (5. ). We followed strict criteria for patient selection in the present study. The population was homogeneous, with patients presenting with classic TN caused by NVC and ages ranging from 22 years to 79 years. According to guidelines on TN management, 3,7 a younger age increases the risk of secondary TN, but the diagnostic accuracy of age as a predictor of secondary TN was too low in pooled analyzed data to be clinically useful. All patients underwent MVD with complete exploration of the TGN and detection of direct neurovascular contact. Two independent observers, who were blinded to the patient symptoms as well as the morphometric results to avoid bias, collected the data.
The significant V difference that was preoperatively noted between the affected and unaffected sides in patients with neuralgia is indicative of nerve damage. 13 We hypothesize that atrophy in the TGN of patients with TN due to NVC could be a direct consequence of pulsatile compression causing root injury, or it could be attributable to focal endoneural vascular injury resulting in root ischemia.
Correlation Among TGN Atrophy, Patient Characteristics, NVC Characteristics, and Clinical Outcomes at the 2-Year Follow-Up After MVD
No significant correlation was found between any patient characteristics (age, duration of symptoms before MVD, side of pain, sex, and area of pain distribution) and the DV or DCSA (Table 2) . Similarly, no significant correlation was found between NVC characteristics (type of vessel involved in NVC, location of compression along the nerve, and site of compression around the circumference of the root) and DV or DCSA.
Only the severity of compression was significantly correlated with the DV or DCSA. The ipsilateralTN with NVC Grade III had a smaller mean V than the ipsilateralTN with NVC Grade I, although it was not smaller than the mean V of the ipsilateralTN with NVC Grade II (Fig.  5A ). The ipsilateralTN with NVC Grade III had a smaller mean CSA than the ipsilateralTN with NVC Grades I and II (Fig. 6A) . These data are important because some authors have supported the notion that outcome depends on the degree of vascular compression.
1,2,21 Sindou et al. 21 quantified the degree of compression at surgery from Grade I to Grade III and showed that MVD offers a 15-year success rate of 88.1% if the NVC was Grade III, 78.3% if the NVC was Grade II, and only 58.3% if the NVC was Grade I. Meaney et al. 19 reported MRI findings of nerve grooving in 13 and distortion or deviation of the nerve in 16 of 50 symptomatic individuals; these 29 patients had the most favorable outcomes after MVD. Our data could provide guidance for choosing the best surgical option, which must be based not merely on the surgeon's preference, but on objective anatomical and pathological evidence.
In this context, we also observed that the DCSA between the ipsilateralTN and the contralateralTN in patients with NVC Grades II and III was significantly higher (p < 0.05) than in patients with NVC Grade I (Fig. 6C) . We also observed that the DV and DCSA in patients with NVC Grades I and II was significantly lower (p < 0.05) than in patients with NVC Grade III (Figs. 5B and 6B) . These data could explain why the affected nerves with NVC located in the TREZ had a smaller mean V than those with NVC located in the MC or JP segments (Fig.  4) . Neurovascular compression Grades II and III were observed in greater proportion at the TREZ than NVC Grade I. Of the 18 cases of NVC Grade II and 21 cases of NVC Grade III, 15 and 17 cases, respectively, had compression situated close to the brainstem (Fig. 7) . Of the 9 patients with NVC Grade I, 2 had compression at the TREZ and 7 had compression in the MC or JP segments. Figure 8 demonstrated a very interesting correlation between the level of TGN atrophy and clinical outcomes after surgery. In fact, patients considered to be cured after surgery had a greater DCSA than that in patients considered to have partial relief or treatment failure. The same finding was almost found in relation to measurements of V, but the p value was slightly higher at 0.05. Table 1 shows that for the 2-year outcome after MVD, 41 of 50 patients were cured after surgery and 9 had partial relief or persistent pain (OR 7.292, 95% CI 1.51-35.22). Of the 39 patients with NVC Grade II or Grade III, 35 were cured after surgery and only 4 had partial pain relief or treatment failure (p = 0.0170, Fisher's exact test; Fig. 9 ). Of the 11 patients with NVC Grade I or no NVC, 6 were cured after surgery and 5 had partial relief or treatment failure. These data suggest that the preoperative appearance of TGN atrophy before surgical exploration, which was significantly correlated with the severity of compression, allows one to predict long-term prognosis. We believe that MVD is the best treatment for NVC Grade II or III. For an NVC Grade I, especially in elderly patients with a precarious clinical status, a percutaneous lesioning procedure or radiosurgery may be preferable.
Conclusions
High-resolution imaging can be used to demonstrate TGN atrophy due to NVC in patients with classic TN. Results in this study showed that the affected TGN has a smaller V and CSA than the unaffected nerve. These atrophic changes were associated with the severity of compression and the clinical outcomes after surgery. Fig. 9 . Graph showing the correlation between the degree of NVC and the 2-year outcome after surgery. Of the 39 patients with NVC Grade II or III, 35 (89.7%) were cured after surgery and only 4 (10.3%) had partial pain relief or treatment failure (p = 0.0170, Fisher's exact test). Of the 11 patients with NVC Grade I or no NVC, 6 (54.5%) were cured after surgery and 5 (45.5%) had partial pain relief or treatment failure.
